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IRON-BASED POWDER 



Field of the invention 

The present invention relates to new metal powder compositions. More specifically, the 
invention concerns a new iron-based powder which is useful for the preparation of soft 
magnetic materials having improved properties when used both at high and low frequencies. 
The invention also concerns a method for the manufacturing of soft magnetic composite 
materials prepared therefrom. 

Background of the invention 

Soft magnetic materials are used for applications, such as core materials in inductors, stators 
and rotors for electrical machines, actuators, sensors and transformer cores. Traditionally, soft 
magnetic cores, such as rotors and stators in electric machines, are made of stacked steel 
laminates. Soft Magnetic Composite, SMC, materials are based on soft magnetic particles, 
usually iron- based, with an electrically insulating coating on each particle. By compacting 
the insulated particles optionally together with lubricants and/or binders using the 
traditionally powder metallurgy process, the SMC parts are obtained. By using this powder 
metallurgical technique it is possible to produce materials having a higher degree of freedom 
in the design of the SMC component than by using the steel laminates as the SMC material 
can carry a three dimensional magnetic flux and as three dimensional shapes can be obtained 
by the compaction process. 

Two key characteristics of an iron core component are its magnetic permeability and core loss 
characteristics. The magnetic permeability of a material is an indication of its ability to 
become magnetised or its ability to carry a magnetic flux. Permeability is defined as the ratio 
of the induced magnetic flux to the magnetising force or field intensity. When a magnetic 
material is exposed to a varying field, energy losses occur due to both hysteresis losses and 
eddy current losses. The hysteresis loss is brought about by the necessary expenditure of 
energy to overcome the retained magnetic forces within the iron core component. The eddy 
current loss is brought about by the production of electric currents in the iron core component 
due to the changing flux caused by alternating current (AC) conditions. A high electrical 
resistivity of the component is desirable in order to minimise the eddy currents. 

Research in the powder-metallurgical manufacture of magnetic core components using coated 



iron-based powders has been directed to the development of iron powder compositions that 
enhance certain physical and magnetic properties without detrimentally affecting other 
properties of the final component. Desired component properties include e.g. a high 
permeability through an extended frequency range, low core losses, high saturation induction, 
and high strength. Normally an increased density of the component enhances all of these 
properties. The desired powder properties include suitability for compression moulding 
techniques, which i.e. means that the powder can be easily moulded to a high density 
component, which can be easily ejected from the moulding equipment without damages on 
the component surface. 

A large number of patent publications teach different types of electrically insulating coatings. 
Examples of recently published patents concerning inorganic coatings are the US patents 
6309748 and US 6348265. The US 6309748 concerns ferromagnetic particles having a 
coating including from 2 to 4 parts of an oxide and one part of a chromate, molybdate, 
oxalate, phosphate, or tungstate and the US 6348265 concerns particles of a base powder 
consisting of essentially pure iron having an insulating oxygen- and phosphorus-containing 
barrier. 

Coatings of organic materials are known from e.g. the US patent 5595609, which discloses 
magnetic powder the particles of which are encapsulated with a thermoplastic coating selected 
from the group of polybenzimidazole and polyimides having heat deflection temperatures of 
at least about 400 °C. 

Coatings comprising both inorganic and organic material are known from e.g. the US patent 
6372348 according to which an annealable insulating material has at least one inorganic 
compound and at least one organic polymeric resin. Another publication disclosing coatings 
of both inorganic and organic material is the US patent 5 063 011, according to which 
publication the particles are surrounded by an iron phosphate layer and a thermoplastic 
material. 

In these known methods one of the reasons for applying a second coating consisting of an 
organic material, such as thermoplastics or polymeric resins, is to increase the strength of the 
component. It is then necessary that the organic material does not decompose when the 
component is heat treated after the compaction. The method according to the present 
invention distinguishes from the prior art methods i.a. in that according to the present 



invention it is possible to prepare compacts having high densities and good magnetic 
properties, which compacts also after heat treatment to temperatures above the 
decomposition temperature of the organic material have high strength. 

Summary of the invention 

The present invention concerns an improvement of a ferromagnetic powder having particles 
with an electrically insulation surrounding the particles. More specifically the present 
invention concerns a ferromagnetic powder having coarse, soft magnetic, electrically 
insulated iron or iron-based particles, the surfaces of which are modified. The invention also 
concerns a method of preparing such particles and a method of preparing high density, soft 
magnetic composite materials by uniaxially compacting the new powder in a die at high 
pressure. 

Detailed description of the invention 

The ferromagnetic powders used herein are made up of iron or an alloy containing iron 
optionally in combination with up to 20 % by weight of one or more of element selected from 
the group consisting of aluminium, silicon, chromium, niobium, molybdenum, nickel and 
cobalt. Preferably the new powder is based on a base powder which consists of essentially 
pure iron. This powder could be e.g. a commercially available water-atomised, a gas- 
atomised iron powder or a sponge iron powder with round, irregular or flat particles. 

Preferred electrically insulating coatings which may be used according to the invention are 
thin phosphorous containing coatings of the type described in the US patent 6348265 which is 
hereby incorporated by reference. Also other, preferably inorganic coatings may be used, for 
example coatings based on Cr, Mg or Mo. 

An important feature of the invention is that the powder used have coarse particles i.e. the 
powder is essentially without fine particles. The term "essentially without fine particles" is 
intended to mean that less than about 5 % of the powder particles have a size below 45 urn as 
measured by the method described in SS-EN 24 497. So far the most interesting results have 
been achieved with powders essentially consisting of particles above about 106 \im and 
particularly above about 212 \im. The term "essentially consisting" is intended to mean that at 
least 10 % preferably at least 40 % most preferably at least 60 % of the particles have a 
particle size above 106 and 212*im respectively. So far the best results have been obtained 



with powders having a particle size above about 212jjim.The maximum particle size may 
about 5 mm. 



It is known that the particle size can be selected according to the frequency band required and 
that powders having coarse particles are used for the manufacture of soft magnetic 
components. Thus the US patent 6309748 discloses a ferromagnetic powder, the particles of 
which have a diameter size between 40 and 600^tm. In contrast to the iron or iron based 
powder particles according to the present invention, these powder particles are not surface 
modified. In the US patent 4190441 a powder composition for production of sintered soft 
magnetic components is disclosed. In this patent the iron powder includes particles with less 
than 5% exceeding 417 \im and less than about 20 % of the power particles have a size less 
than 147 nm. This powder is mixed with specific amounts of ferrophosphorus in order to 
obtain the soft magnetic components. These known powder particles are not provided with an 
insulating layer and the are not surface modified. Additionally, coarse powders for the 
preparation of soft magnetic components are known from the US patent 4272747. According 
to this patent the powder particles , which may be insulated, are selected in such a way that 
they pass through a 100 Tyler mesh sieve but not through a 300 Tyler mesh size sieve. 
Furthermore, the powder particles may be insulated but nothing is taught about surface 
modification and the obtained bodies have a density from 2 to 6.5 g/cm 3 . 

A critical feature of the powder according to the present invention is that, before compaction, 
the particles have been treated with a surface modifying agent, which adheres to and is 
compatible with the insulating coating surrounding the separate powder particles. This agent 
may be selected from the group consisting of organo alkoxysilanes, organo silazanes, 
fluorine-containing silicon silane coupling agents, titanate coupling agents, Zr and Al 
coupling agents, fatty acids, particularly saturated and unsaturated fatty acids having 10 to 24 
C atoms in the alkyl chain, e.g. stearic acid, oleic acid, fatty acid esters, such as glyceryl 
monostearate, fatty acid amides, particularly saturated fatty acid mono- and bisamides, such 
as stearic monoamide, EBS, unsaturated fatty acid mono- and bisamides, such as oleic 
monoarnide, EBO, mixed fatty acid amides, fatty acid derivative mixtures, and metal soaps. 
Especially preferred are alkylalkoxy silanes wherein the alkyl group has between 10- 24 
carbon atoms or fatty acids with 1 1-25 carbon atoms. Most preferred are hexadecyltrimethoxy 
silane and stearic acid. Multilayer and composite layers of the above mentioned surface- 
modifying agents may also be used. 



Different methods may be used for the surface modifying of the iron- based powder. Accor- 
ding to one method the surface-modifying agent can thus be dissolved or dispersed in a sui- 
table solvent, e.g. an organic solvent, such as acetone and ethanoL The obtained solution or 
dispersion is subsequently added to the iron based powder during mixing and optionally 
heating. The solvent is finally evaporated optionally in vacuum. Alternatively, the surface 
modification may be performed by melting a solid surface modifying agent, mixing the heat 
melted surface modifying agent with a heated iron- based powder mixture followed by coo- 
ling during mixing. Heating may of course also be applied to a premixed mixture of iron- 
based powder and surface modifying agent. The modifying agent may be applied by spraying. 
The amount of the surface-modifying agent depends on the size of particle of the iron-based 
powder. Normally a powder having larger particles requires less surface-modifying agent than 
a powder having smaller particles. At present it has been found that excellent results can be 
obtained with an amount of the surface-modifying agent between 0.005- 0.5 %, preferably 
between o.o5- 0. 4 % and most preferably between 0.1- 0.3 % by weight of the insulated 
powder. 

The powder to be compacted may also include additives selected from the group consisting of 
binders, lubricants and flow enhancing agents. An important feature of the invention is that no 
separate lubricant must be added to the composition before compaction and the high density 
components with good surface finish can be obtained even without die wall lubrication. The 
new powders according to the present invention may of course also be used in combination 
with internal lubrication, external lubrication or a combination of both. Examples of 
lubricants which may be used in addition to organic PM lubricants are inorganic lubricants 
such as hexagonal boron nitride, M0S2 and graphite. 

The invention also comprises a method of preparing high density soft magnetic parts. 
According to this method the new surface modified powder according to the present invention 
is optionally mixed with an additive such as a binder and/or a flow enhancing agent. A 
lubricant may also be added to the mix . The powder composition is subsequently uniaxially 
compacted, preferably in a single step, at high compaction pressure in a die. The obtained 
green body is ejected from the die and optionally heat treated. The compaction may be per- 
formed at ambient or elevated temperature. 



The term "at high compaction pressure" is intended to mean at pressures of about at least 600 
MPa. More interesting results are obtained with higher pressures such as pressures above 800, 
or more preferably above 1000 MPa. 

Conventional compaction at high pressures, i.e. pressures above about 800 MPa with conven- 
tionally used powders are generally considered unsuitable due to the high forces required in 
order to eject the compacts fiom the die, the accompanying high wear of the die and the 
scratchy components obtained. By using the new powders according to the present invention 
it has unexpectedly been found that the high density compacts can be obtained with 
compaction at high pressures, about 1000 MPa, and that the components ejected from the die 
have acceptable or even perfect surface finishes. 

The compaction may be performed with standard equipment, which means that the new 
method may be performed without expensive investments. The compaction is performed uni- 
axially and preferably in a single step at ambient or elevated temperature. Alternatively the 
compaction may be performed with the aid of a percussion machine (Model HYP 35-4 from 
Hydropulsor) as described in patent publication WO 02/38315. 

The heat treatment may be performed at the temperatures normally used, e.g. up to 
temperatures of about 700°C in different types of atmospheres or at reduced pressure and 
optionally in the presence of steam. 

In this context the term !, high density" is intended to mean compacts having a density of at 
least about 7.45 g/cm 3 and above. Components having lower densities can of course also be 
produced 

In brief the advantages obtained by using the powder according to present invention are that 
SMC parts having low core loss and high induction can be obtained. Other advantages are that 
the strength after heat treatment is increased and that, in spite of very high densities, the 
compacted parts can be successfully ejected from the dies without problems with negative 
influence on the die walls and on the surfaces of the compacted SMC parts. It is thus possible 
to obtain parts having excellent surface finish. These results can be obtained with a single 
compaction step. Examples of products for the new powder is of special interest are 
inductors, stators and rotors for electrical machines, actuators, sensors and transformer cores. 

The invention is further illustrated by the following examples. 



Example 1 

An iron- based water atomised powder (Somaloy 550, available from Hdganas AB, Sweden) 
was used as starting material. This powder has an average particle size between 212 and 425 
urn and less than 5 % of the particles have a particle size below 45 urn . This powder, which 
is a pure iron powder, the particles of which are electrically insulated by a thin phosphorus 
containing barrier, was treated with 0.2 % by weight of a hexadecyl trimethoxysilane as a 
surface modifying agent. The surface modifying process was performed as follows: hexadecyl 
trimethoxysilane was diluted in ethanol to a 20 % solution, by weight, and the solution was 
stirred during 60 minutes. An amount of this solution corresponding to 0.2 % by weight was 
added during mixing to the iron powder, which had previously been heated to 75 °C in the 
mixer. An intensive mixing was carried out in the same mixer during 3 minutes followed by 
mixing at a lower speed during 30 minutes and during vacuum in order to evaporate the sol- 
vent. A corresponding powder without surface modification was used as comparison. This 
powder was mixed with a lubricant, Kenuolube ™ before the compaction. The amount of the 
lubricant used was 0.5 % of the composition, which is generally considered as a low amount 
of lubricant for components compacted at high pressures. 

Rings with an inner diameter of 47 mm and an outer diameter of 55 mm and a height of 4 mm. 
were uniaxially compacted in a single step at different compaction pressures 800, 1000 and 
1200 MPa, respectively. Despite the low amount of surface modifying agent and relatively 
high compaction pressures the surfaces of the components showed no sign of deterioration. 

After compaction the parts were heat treated at 500 °C for 30 minutes in air. The obtained 
heat treated rings were wound with 25 sense and 1 12 drive turns. The magnetic properties 
were measured in an LDJ 3500 Hysteresigraph. Table 1 summarizes the maximum relative 
permeability and the magnetic induction at 1500 and 6900 A/m respectively, measured under 
DC conditions. The core loss/cycle has also been measured at 1 T and 50 and 400 Hz. 



The following table 1 demonstrates the obtained results: 



l a Die i 
Sample 


Compaction 

Pressure 

MPa 


Density 
g/cm 3 


Umax 


Bisoo 
CD 


B6900 

(T) 


Core 

loss/cycle at 
IT and 50 Hz 
(J/kg) 


Core 

loss/cycle at 
IT and 400 
Hz (J/kg) 


According 

tn the 

invention 


800 


7.45 


720 


1.08 


1.53 


0.134 


0.178 




1000 


7.59 


790 


1.15 


1,59 


0.126 


0.163 




1200 


7.64 


820 


1.18 


1.62 


0.124 


0.165 


Comparative 
example 


800 


7.39 


620 


0.95 


1.46 


0.142 


0.200 




1000 


7.47 


590 


0.95 


1.49 


0.140 


0.198 




1200 


7.49 


550 


0.92 


1.48 


0.140 


0.193 



As can be seen from table 1 the green density is significantly higher for the surface modified 
material and magnetic properties are hence improved compared with the materials used in the 
comparative examples, which demonstrate that no or only minor improvements of the 
magnetic properties can be obtained by increasing the compaction pressure to 1000 MPa and 
1200 MPa. 

From table 1 it can also be concluded that the density values as a function of compaction 
pressure is diverging when the compaction pressure is increased, extrapolation of the curves 
reveals that from a compaction pressure of about 600 MPa the density values for the material 
according to the invention will be higher compared with the density values for the 
comparative example. 

Despite the obtained high density of the samples the core losses are maintained at a low level 
even at 400 Hz which shows that the electrical insulating layers are maintained. 

Samples produced according to example 1 were tested with regard to transverse rupture 
strength after heat-treatment at 500°C for 30 minutes in air. The transverse rupture strength 



was tested according to ISO 3995. Figure 1 demonstrates the transverse rupture strength at 
different density levels. It should be noted that, even at the same pressed density, the strength 
is unexpectedly higher for the surface modified material. 

Example 2 

A very high purity water atomised iron- based powder„the particles of which were provided 
with a thin insulating coating and which had a mean particle size above 212 urn was surface 
modified with 0.1 % and 0.2 % of hexadecyl trimethoxysilane, respectively, according to the 
procedure in example 1 . The same iron- based powder without any surface modifying agent 
was used as a reference. 

Cylindrical samples with a diameter of 25 mm and a height of 4 mm were compacted in an 
uniaxialy press movement at a compaction pressure of 1000 MPa. 

Table 2 shows the ejection energy needed for ejecting the components and the green density 
obtained. The ejection energy is expressed as percentage of the ejection energy for the sample 
without surface modification. 



Table 2 



Amount of silane 


Green density 


Relative Ejection 
Energy 


Surface finish 


0% 


7.66 g/cm 3 


100 


Poor 


0.1 % 


7.67 g/cnr* 


58 


Good 


0.2 % 


7.66 g/cm J 


48 ~^ 


Good 



From table 2 it can be seen that the energy needed for ejection is considerably reduced and the 
surface finish is improved by minor additions of a surface modifying agent. It can also be 
seen that an increase from 0. 1 % to 0.2 % by weight of a surface modifying agent has a 
positive impact on the ejection energy. 



Example 3 

This example shows the effect of a different surface modifying agent, namely stearic acid 
compared with hexadecyl trimethoxysilane used in an amount of 0.2 % by weight of the, 
composition to be compacted. 

A high purity water atomised iron- based powder provided with a thin insulating coating with 
a mean particle size above 212 urn was surface modified with 0,2 % by weight of hexadecyl 
trimethoxysilane and 0.2 % stearic acid, respectively. The same surface modifying procedure 
for the hexadecyl trimethoxysilane as in example 1 was applied. For stearic acid the following 
surface modifying procedure was used: 

The stearic acid was dissolved in acetone for the preparation of a 5 % by weight solution. An 
amount of this solution corresponding to 0.2 % of stearic acid was added to the iron- based 
powder mixture which has previously been heated to 45 °C, during mixing. An intensive 
mixing was carried out in the same mixer during 3 minutes followed by mixing at a lower 
speed during 30 minutes and during vacuum in order to evaporate the solvent. The obtained 
mixture was sieved on 500 Jim sieve. 

Cylindrical samples with a diameter of 25 mm and a height of 4 mm where compacted in an 
uniaxialy press movement at a compaction pressure of 1000 MPa. 

Table 3 shows the ejection energy needed for ejecting the components and the green density 
obtained. The ejection energy is expressed as percentage of the ejection energy for the sample 
with 0.2 % silane. 



Table 3 



Surface 

modifying agent 


Green density 


Relative Ejection 
Energy 


Surface appearance 


0,2 % silane 


7.61 g/cm J 


100 


Good surface finish 


0,2 % stearic acid 


7.58 g/cm 3 


97 


Good surface finish 



As can be seen from table 3 high green denies, the same ejection energies and perfect 

finish were obtained with bo* hexadeC trimethoxysilane and steanc actd as surface 



modifying agents. 
Example 4 



, and particle size distribution was further investigated in example 



The influence of particle size 
4. 

Th^mfferemmghpurityimt.b.sedpowd^^ 

accnrdin gto *e4^o f U.eminsuIa.e4winrannn P hospha«.basede^mcslmsnlaUon 
^ared. AU santp.es we. surface modified with 02 % of hexadecv, txhnentoxy^ 
according to the procedure descried in example 1 . 

Cylindrical samp.es with a diamCer of » mm and a weigh, of 50 grems were compacted in 
an uniaxial, press movemem a. . compaction pressure of lOOOMPaand green denstnes 
above 7.6 g/cm' for all the samples were obtained. 



Table 4 _,- 
Particle size distribution % 


Sample A 


Sample B 


Sample C 


-45 urn 


8.4 


0.0 


0.1 


45-106 um 


52.7 


15.5 


1.0 


106-212 urn 


30.0 


84.3 


37.4 


212-315 um 


0.1 


0.2 


51.0 


+315 um 


0.1 


0.0 


10.5 



Figure 2 shows dte surface finish of the samples. As can be seen from this figure a atgmfican. 
amount of scratches are present on the surface of ssmpie A, a less amount on Ore surface of 
sample Band an insignificant amount of scratches on the surface of sample C. 



CLAIMS 



1 A ferromagnetic powder essentially consisting of soft magnetic iron-based core particles 
wherein the surfaces of the core particles are surrounded by a first, electrically insulating 
coating and wherein a second coating of a surface modifying agent is present on the msulating 
coating. 

2. Powder according to claim 1 , wherein the surface-modifying agent is selected from the 
group consisting of surface modifying agent, which may be selected from the group 
consisting of organo alkoxysilanes, organo silazanes, fiuorine-containing silicon silane 
coupling agents, titanate coupling agent* Zr and Al coupling agents, fatty acids, fatty acid 
esters, fatty acid amides, mixed fatty acid amides, fatty acid derivative mixtures and metal 
soaps. 

3 Powder according to claim 2, wherein the surface-modifying agent is selected from 
alkylakoxy silanes or alkylsilazanes, wherein the alkyl group has between 10- 24 carbon 
atoms, and fatty acids with 1 1-25 carbon atoms. 

4. Powder according to claim 3, wherein the surface-modifying agent is hexadecyl 
trimethoxysilane . 

5. Powder according to claim 2, wherein the surface-modifying agent is stearic acid. 

6 Powder according to any of claims 1-5, wherein the surface modifying agent is present in 
an amount of 0.005- 0.5 %, preferably between 0.01- 0. 4 % and most preferably between 
0.05- 0.3% by weight. 

7. Powder according to any of claims 1-6, wherein the electrically insulating layer 
surrounding the iron or iron-based particles is made up of an inorganic material. 

8. Powder according to claim 1-7, wherein the inorganic electrically insulating layer 
surrounding the iron- based particles is phosphorous based. 

9. Powder according to any of claim 1-8, wherein the iron-based powder is an essentially 
pure iron powder. 



10. Powder according to any of claim 1-9, wherein the iron-based powder has irregularly 
shaped particles. 

1 1 . Powder according to any of claim 1-10, wherein the iron-based powder is a selected from 
the group consisting of water atomised powders and sponge iron powders. 

12. Powder according any one of claim 1-11, wherein less than about 5 % of the powder 
particles have a size below 45 \im. 

13 Powder according to claim 12, wherein at least 10 %, preferably at least 40 % and most 
preferably at least 60 % of the iron-based powder consists of particles having a particle size 
above about 106 \im. 

14 Powder according to the claim 13, wherein at least 10 %, preferably at least 40 % and 
most preferably at least 60 % of the iron-based powder consists of particles having a particle 
size above about 212 jxm. 

15. Process for the preparation of soft magnetic composite materials comprising the following 
steps: 

- providing an iron-based powder, the particles of which are electrically insulated and 
subsequently modified with a surface-modifying agent and which powder is essentially free 
from fine particles; 

- optionally rnixing said powder with an additive; 

- uniaxially compacting the obtained powder in a die at a compaction pressure of at least 
about 600 MPa; and 

- ejecting the green body and 

- optionally heat treating the compacted body. 

16. Process according to claim 1 5, wherein the compaction is performed at a pressure of at 
least 600 MPa, more preferably at least 800 and most preferably above 1000 MPa. 

17. Process according to any one of the claims 15-16, wherein the compaction is performed at 
ambient temperature. 



18. Process according to any one of the claims 15-17, wherein the compaction is performed 
at elevated temperature. 

19. Process according to any one of the claims 15-17, wherein the compacted body is heat 
treated. 



ABSTRACT 

The present invention concerns . new ferrcmagnetic powder essentially consisting of soft 
n^ta-b^c^p^o^^ftesurft^ofti^oosep^^snno^ 
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